Abstract: There are systems methods and evolutionary processes that can help organisations understand the innovative patterns and competitive mechanisms that influence the creation, management and exploitation of technology. This paper presents a specific model based on the evolutionary processes of variation, selection, retention and struggle, coupled with fitness landscape theory. This latter concept is a complex adaptive systems theory that has attained recognition as an approach for visually mapping the strategic options an evolving system could pursue. The relevance and utility of fitness landscape theory to the strategic management of technology is explored, and a definition and model of technological fitness provided. The complex adaptive systems perspective adopted by this paper, views organisations as evolving systems that formulate strategies by classifying, selecting, adopting and exploiting various combinations of technological capabilities. A model called the strategy configuration chain is presented to illustrate this strategic process.
Introduction
Technology-based organisations contribute to dynamic competition, ensure product variety, close market gaps and create jobs. They are considered 'high technology' in terms of products and processes, and are key agents in the generation of regional and national economic wealth [1] . Yet, this wealth creation does not just depend on the discovery of new technology; it also requires the ability to successfully exploit discoveries and inventions. This is the theme in March's seminal paper that considers the relation between exploration of new possibilities (innovation) and the exploitation of old certainties (operations) [2] . It argues that organisations need to effectively design and manage configurations (forms and ways of working), capable of achieving and sustaining the balance between innovation and operational excellence.
With this background, technology management is a practice that entails the classification, selection, adoption and exploitation of the technologies needed to maintain an organisation's current and future survival. It involves a collection of management disciplines that have responsibility for:
• product technology -the customer purchase
• process technology -the systems utilised to design, manufacture and deliver the product or service
• management technology -the knowledge and decision-making processes that plan, manage and control the organisation.
This paper asserts that understanding the factors and events that underpin innovation and technological change is an evolutionary and systems issue that currently lies at the junction of information theory and economic history. To recognise the patterns of evolutionary change, economists have typically studied technological discontinuities as an aggregate phenomenon to comprehend the nature of competition. Such work has focused on the policy of innovation [3, 4] , and the process of change [5, 6] . This paper is influenced by such research, but is not concerned with the teleological theories of historical change (evolutionism). Rather, it is motivated by the desire to understand technological evolution as a process of variation, selection, retention and struggle by developing, integrating and applying fitness landscape theory to technology management issues.
With this introduction, this paper is organised as follows. Section 2 explains the notion of complex systems and complex adaptive systems. Section 3 introduces fitness landscape theory and an accompanying analytical model (the NK model) that represents the evolutionary properties of complex systems. This section also defines the unit of analysis (the technology strategy and resulting organisational configuration) by presenting a conceptual model referred to as the strategy configuration chain. This is then related to fitness landscape theory to understand the role of evolution in technological and operational competitiveness. Section 4 discusses the relevance and implications of these theories and models to the strategic management of technology. It provides a definition and model of technological fitness, and relates this to four established technology management theories: the dominant design theory; the technology S-curve theory; the technology and market trajectories theory and the modularisation of design theory. Section 5 provides a conclusion.
Introduction to complex systems theory
The term system covers a broad spectrum of our social, physical and biological world and systems thinking is an established body of knowledge that seeks to understand how entities (social, technical, economic, biological, etc.) function. Khun [7] , Capra [8] and McCarthy et al [9] discuss several eras and movements of systems thinking and despite the different views that each movement has, a common theme is the desire to understand complicated entities by:
• determining the system boundary, elements, inputs, outputs, relationships and attributes.
• supporting the integration of views and knowledge to study the total system and how it interacts with its environment.
In recent years the study of systems has developed with input from various disciplines to become known as complex systems theory [9] [10] [11] [12] [13] , or, as some call it, complexity theory or complexity science. This branch of systems thinking has similar theoretical and applied motivations to that of other systems concepts (e.g. soft systems methodology [14] , systems dynamics [15] and general systems theory [16] ), in that they all seek to model and understand the behaviour of systems. The distinctive stance taken by complex systems theory is that it is concerned with systems that exhibit 1 a configuration made up of a large number of elements 2 significant interactions among these elements 3 organisation in the system.
The above systems features generate three highly related characteristics of a complex system: non-linearity, emergence, and self-organisation. Thus, complex systems theory acknowledges that certain systems learn and evolve, and cannot be fully described by a single rule. It is a theory that seeks to understand how the system elements and interactions self-organise to create new configurations. Next, it is necessary to introduce the term complex adaptive system. These systems are complex systems, but the active elements that constitute the system are referred to as autonomous agents. In organisations, agents would be the decision-making entities (e.g. operators, control systems, managers, designers, etc.) that receive and process local information to create the events, outputs and internal dynamics of the system. The behaviour of an agent is influenced by goal-led operating rules known as schemata. For example, organisations have schemata (strategies and plans) for issues such as; what products and services to provide; what technology to use; and how to design and manage production facilities. Thus, unlike a biological system that blindly changes over time (animals and plants do not form mission statements and strategic plans to eliminate their competition), a complex adaptive system has the ability to consciously alter its system configuration and influence its current and future survival.
The challenges facing technology managers are complex adaptive systems issues that revolve around emerging and non-linear trends such as the explosion of information and knowledge, the globalisation of technology, and the accelerating rate of diffusion [17] . Underpinning these trends, are factors such as system uncertainty and risk and the discontinuities resulting from them. Technology management often involves trade-offs, such as managing the balance between modularisation and customisation, or balancing the need for high reliability (e.g. systems such as nuclear power plants that are safety critical) versus operational leanness (e.g. systems such as automotive assembly plants that strive for efficiency). With all of these systems, inappropriate decisions and policies can result in accumulative, disproportional and unpredictable outcomes. For example, the UK rail transportation company, Rail Track, reduced its rail maintenance program in an effort to trim down costs. The consequence was that on the 17 October 2000, a London to Leeds passenger express train was derailed, causing several fatalities. Early indications from the accident investigation [18] , suggest that the likely cause was a crack in the rail, which propagated, broke the rail and then derailed the train. This was then followed by a significant loss of confidence in UK rail travel, which in turn led the government to place the company into insolvency. This is an example of how a decision or policy can lead to an irregular chain of events with accumulative and disproportional results.
Fitness landscape theory
Fitness landscape theory was developed in the 1930s [19] and is now a key concept for understanding the structure and interactions in complex adaptive systems. It is based on the biological view that organisms evolve over time to survive and that this evolution can be visualised as a journey over a three-dimensional landscape of valleys and peaks. More recently, fitness landscape theory has been used to investigate a number of physical science problems including the structure of molecular sequences [20] and mathematical models of genome evolution [21] . One specific technique that has emerged to model the diversity of configurations represented by a fitness landscape, is Kauffman's NK model [22] [23] [24] , and it has attracted attention from management and organisational researchers interested in the diversity of organisational forms and strategies [25] [26] [27] [28] [29] [30] .
With fitness landscape theory and the NK model, the notion of fitness is a measure of the ability to survive and produce offspring. As technological and organisational systems do not sexually reproduce, fitness in such systems is associated with adaptability, robustness, durability, popularity and survival. For instance, competitive technologies usually survive longer by internally enduring and adapting to external demands. Thus, successful technologies often inspire other competing and non-competing technologies to imitate their configuration, capabilities and mode of working. Ultimately, the term fitness is a tautology, because what exists must be fit by definition, but for technology management the objective is to ensure that configurations of product, process and management technologies are suitable for competing in the future as well as the present.
To understand how fitness landscape theory and NK models relate to technology management, it is first necessary to define the system that is the subject of this paper i.e. the technology strategy and the resulting organisational configuration. The term configuration refers to the make-up of an organisation, its form or defining characteristics. Figure 1 illustrates the relationship between technology strategy, resources, routines and the resulting configuration and capabilities. External forces such as competition, market needs, and innovation drive the strategy configuration chain, which consists of four links that represent the management tasks that develop and sustain the resources, routines and capabilities of an organisation. These tasks are:
Technology Classification -this is the process of searching, identifying and grouping information about technologies (product, process and management) that may influence an organisation's competitive position. This will typically involve tasks such as forecasting [31] , roadmapping [32] and benchmarking [33] . The classification task provides a comparative framework to store and retrieve information that will facilitate the next task -technology selection.
Technology Selection -organisations have resource and time constraints and are therefore limited to the number of technologies that can be chosen from those identified by the classification task. This results in an evaluation and justification process that uses technological, financial and market criteria to justify, select and invest in technologies.
Technology Adoption -once selected, organisations can adopt technology by various routes. These include licensing, purchasing (e.g. acquire technology rights or acquire the firm which possesses the technology), in-house development, seconded change agents and R&D alliances.
Technology Exploitation -this task seeks to effectively and efficiently exploit the resulting technological configuration by producing and delivering system outputs that are competitive in terms of service, cost, quality, etc. This task also involves protecting the resources and technology that provide the value propositions by patenting, copyrighting and trademarking. 
CONFIGURATION & CAPABILITIES
The resultant organisational form and value propositions in terms of cost, innovation, service; flexibility; reliability, etc.
TECHNOLOGY STRATEGY
The continuous classification selection, adoption, and exploitation of technologies needed to achieve business goals
T e c h n o l o g y E x p l o i t a t i o n T e c h n o l o g y C l a s s i f i c a t i o n T e c h n o l o g y S e l e c t i o n T e c h n o l o g y A d o p t i o n
In summary, these four technology management tasks create capabilities to provide a competitive advantage in terms of precision, cost, sustainability, innovation, flexibility, etc. The capabilities are a combination of resources and routines that form a technological configuration. The resources (people, knowledge, raw material, etc.) are the basic inputs to any new technological configuration, but they only provide value when they become connected. Routines achieve this connection by managing and coordinating the resources in a particular fashion. They are the "norms, rules, procedures, conventions, and technologies around which organisations are constructed and through which they operate" [34] .
To understand how fitness landscape theory and the NK model relate to the strategy configuration chain, Table 1 presents the NK model notation and outlines its relevance to technology strategy and configurations. This is then followed by a simple and hypothetical example based on Figure 2 and the data in Table 2 . The example has the following characteristics: N = 3, and K = N-1, and A = 2. This indicates a binary representation where 1 equals the presence of a certain capability and 0 equals the absence of a certain capability. An NK model represents the possible solutions or options, in this case technology strategies and the resulting technological configurations. In the example, Table 2 lists eight technology strategies (A N = 2 3 = 8). For each strategy, a fitness function f(x) calculates a fitness value of between 0 and 1 that indicates the potential for survival now and in the future. In this hypothetical example, the fitness values have been randomly generated, and a value close to 0 indicates poor fitness, whilst a value close to 1 indicates good fitness. In principle, fitness values can then be plotted as heights on a multidimensional landscape, where the hills represent high fitness and the valleys represent low fitness. In Kauffman's model, the fitness f(x), is the average of the fitness contributions, f i (x), from each locus i, and is represented as: The number of system elements or variables that constitute the strategy and the resulting configuration of capabilities as determined by the resources and routines.
K
The amount of epistatic interactions (interconnectedness) among the elements or genes. It can range from K = 0 to a maximum of K = N-1. In this case the maximum is assumed. As N=3, a three-dimensional cube can be used to represent the possible strategies and their relationship to each other (see Figure 3) . Each corner point of the cube is a strategy, labelled with its three-bit string and its hypothetical fitness value. Fitness landscape theory views evolution as a process of moving from one strategy to another in search of improved fitness. This process is called the adaptive walk. If a strategy (e.g. point 011) is chosen from Figure 3 , there are three possible one-mutation neighbour strategies (points 010, 111 and 001). If an organisation has strategy 011 and it has a fitter neighbour strategy (i.e. a higher fitness value) then to evolve and continue surviving the organisation should consider adopting this strategy (i.e. point 111). In terms of the landscape metaphor, any movement to a fitter position is equivalent to walking uphill and conversely any movement to a position of reduced fitness is equivalent to walking downhill. The directions of the arrowed lines in Figure 3 represent uphill walks towards global and local peaks. The global peak is the highest point (fittest strategy) on the landscape (point 110), whilst a local peak is a point on the landscape where there is no immediate neighbourhood strategy with a higher fitness (e.g. point 101). Thus, the path from a local peak to a global peak will always involve at least one downhill journey. 101 Local peak
Global peak
As this is a simple example, consisting of only three different capabilities it is relatively easy to visualise the space or landscape of strategic options using a three-dimensional cube. If the example was more complex and dealt with several capabilities, then a Boolean hypercube could be used to map the strategic options. For instance, Figure 4 illustrates the landscape of strategic options generated by four capabilities (innovation, reliability, flexibility and sustainability). The arrowed lines represent the structure of landscape. The dotted lines with single arrows represent the path with the greatest gain in fitness for each step from point 0000 to one of global peaks (1111). The dashed lines with double arrows specify that two neighbouring strategies have the same fitness. When a point has all lines directed to it, then this point is said to be a peak (either local or global). In Figure 4 , there are two strategies (1101 and 1111), both with global peak fitness values of 0.67. The presence of more than one global peak suggests that the capabilities might have epistatic interactions with each other (a K factor of N-1) that results in accumulations and trade-off in overall fitness. This notion is consistent with the theory of capability trade-off [35, 36] . 
The K and C factors
As described in Table 1 , K represents the interactions or dependency between the different elements (capabilities) of a technological configuration or strategy. If K=0, this indicates no interaction and therefore no trade-off or accumulative effect between the elements. The resultant landscape if visualised as a mountainous terrain, is relatively simple and smooth, except for one single global technology strategy ( Figure 5 ). As K increases from 0 toward its maximum of N-1, the landscape changes to an increasingly rugged, uncorrelated, and multi-peaked landscape ( Figure 6 ). This is because the NK model assumes that the contribution of an individual capability to the overall fitness of a strategy depends on the status of that capability, and its effect on the status of other capabilities in the configuration. Originally, Kauffman's NK model did not consider how systems and their strategies might respond to the actions of other competing systems in the same environment. Yet, complex adaptive systems do co-evolve and Kauffman therefore introduced a C factor to include the concept of coupledness and acknowledge that systems rarely exist in isolation. For example, if the fitness of one strategy is increased, it is almost certain to affect the fitness of other competing strategies. This is because the fitness of any complex adaptive system is not only determined by its own performance, but also by the performance of other systems in its environment. Fitness, like competitiveness is a relative concept. Also, the landscape is not static, it is continually changing as innovations emerge, operational performance alters and competitors enter and leave. Thus, the fitness of a technology or strategic configuration is a function not only of its own characteristics and behaviour, but also of the characteristics and behaviour of all of its rivals. This results in three possible situations: competition, exploitation, and mutualism [37] . Competition is when a configuration seeks to hinder the fitness of other configurations. Exploitation is when one configuration (configuration A) stimulates the fitness of another configuration (configuration B), whilst the presence of configuration B inhibits the fitness of configuration A. Mutualism is the situation when configurations stimulate individual and collective fitness. For example, personal computer manufacturers and software technology providers have mutual dependence.
Figure 5 Fitness landscape for K=0
The dominant global peak 
The strategic management of technology
The evolutionary concepts presented in this paper do not just apply to biological systems. If an entity (technological, social, or economic) evolves, then a complex adaptive systems approach provides a framework to study the evolutionary and systems processes.
To understand how fitness landscape theory relates to the strategic management of technology, the model created by Campbell [38] and developed by Pfeffer [39] and Aldrich [40] to represent the evolution of organisations is used. The model identifies four processes that underpin the evolution of a population of organisations: variation, selection, retention and struggle.
Variation -this is the evolutionary process that generates technological variety. For a market and consumers to select differentially among products and services there must be some variation. This difference can be any factor (operational performance, product design, innovative materials, systems integration, etc.) that creates a competitive demarcation. Aldrich [40] states that variations may be intentional (planned) or blind (unplanned). Variation is intentional when an organisation deliberately attempts to resolve problems, improve performance or exploit opportunities. Planned variation involves using resources such as design teams, internal change agents, R&D departments and external consultants to undertake and realise strategic and tactical programs of improvement and change. Such programs seek to promote innovative activities and enhance the fitness of an organisation. Blind variation is an innovation that was not planned and often involves an element of trial and error learning, serendipity, accidents and so forth. It can also take the form of new knowledge or experience introduced into an organisation by newly recruited employees or acquired businesses.
Selection -once there are a variety of technological configurations and resulting products, the evolutionary process that differentially chooses or eliminates these systems is known as selection. This process can be either internal or external [40] . Internal selection occurs when the resources and routines within an organisation determine whether a variation is adopted or not. For example, certain organisational cultures can create a positive reinforcement of old innovations. The result is that organisations carry on doing what they know best, rather than exploring new technologies. External selection takes place when factors external to an organisation determine the selection. Customers who request a certain technical benchmark, functionality or performance, and industry regulations that govern product standards, are examples of external selection.
Retention -this process preserves, copies or imitates technological configurations and products that are perceived to be successful. It can take place at two levels, the organisational level and the population level. Organisational retention occurs through the industrialisation and documentation of successful knowledge and routines (e.g. industry best practice reports) and by existing personnel transferring knowledge to new personnel and vice versa. Population level retention arises when new knowledge is spread from one organisation to another. This can occur through personal contacts, marketing publicity, or through observers, such as academics, who publish case studies about new technologies and operational practices. Retention is the process that promotes technologies (product, process and management) that are perceived to be beneficial.
Struggle -this is the process of competing for resources that are limited. During the industrial revolution, raw material and energy were key resources, whilst the present need is for knowledge-based resource such as skilled workers, research partners and value adding suppliers. With new industries, the pioneering organisations responsible for creating the industry often benefit from relatively unconstrained access to the necessary resources, but as competition and members of the industry grow, the resources become limited, the process of struggle intensifies and failure rates begin to increase.
To understand how these four evolutionary processes affect the strategic management of technology and the tasks defined by the strategy configuration chain, Figure 7 is presented. The four technology management tasks are mapped onto the evolutionary processes as three driving links, with technology adoption and technology exploitation occupying the same link. All four management tasks act as driving and consuming forces that underpin technological evolution. This conceptual model is the basis for the following definition of technological fitness:
Fitness is a fundamental characteristic of technology management that involves innovating and replicating appropriate resources and routines to successfully attain technological capabilities that satisfy strategic objectives and market needs. It is an evolutionary indicator of an organisation's ability to ensure current and future survival in one or more markets by effectively balancing exploration (classification, selection and adoption) and exploitation.
Thus, if a technological configuration currently exists it is fit. The potential for future fitness depends on how effectively an organisation understands and conducts its technology management tasks to achieve future configurations that can effectively exploit and explore according to how competition, market needs and invention shape the evolutionary processes.
Relevance and implications for technology management
This section examines the implications that fitness landscape theory and the model presented in Figure 7 could have for the strategic management of technology. Four classic technology management theories are presented and the concepts of fitness, connectivity, coupledness, variation, selection, retention and struggle are considered.
Dominant Design Theory -the premise of this theory is that innovation is altered significantly once a dominant design of technology emerges [41] . This is a selection and retention issue that determines which technologies become standard or successful. A current example would include the battle between Bluetooth and Wi-Fi to be the wireless-data standard for mobile phones, laptops and hand held PCs. Previous examples include the supremacy of the VHS video system over its rivals Betamax and Philips, and the dominance of automobiles powered by gasoline engines, rather than by steam engines or electric powered engines. Each of these dominant technologies evolved to create a fitness landscape with an overriding single peak, similar to that shown in Figure 5 . The dominant design is not necessarily the optimal or best design. It is often selected and retained, because it is a technological system that has superior integration with other technological systems (products, processes, suppliers, customers, etc.) in its environment. Technologies, capabilities and configurations compete, co-evolve (C factor) and demonstrate coupledness (K factor). For example, once a dominant product technology emerges, it often reduces and even eliminates the innovation (variation) activity and fitness of competing product technologies, whilst increasing the innovation activity of the associated process technology required to manufacture or deliver the dominant product ( Figure 8 ). Source: adapted from Abernathy and Utterback [41] Technology S-Curve Theory -this theory asserts that the rate of performance improvement generated by any variation has certain limits. This performance rate can be represented using one or more S-curves. For managers, this theory advocates that they should monitor any decline in performance and then respond appropriately, before the top of the S-curve is reached (Figure 9) . Thus, the ideal management practice is viewed as a series of S-curves that balance and smooth the processes of variation and struggle (investment in innovation). The ability to continually create new S-curves is an indicator of an organisation's ability to understand and manage the diversity of routines and resources that it can accommodate. This can only be achieved if an organisation has excess diversity (additional resource) to explore and innovate. This means that an organisation should have the resources to effectively produce and deliver products (exploitation), and excess resource to explore and experiment (planned and unplanned variation), and thus create new knowledge and routines. Those organisations that have most excess diversity tend to be large multinational corporations who have the market reputation and financial assets to successfully compete for resources (struggle). The path of the ideal strategy Source: adapted from Christensen [42] Technology and Market Trajectories Theory -this theory states that the patterns of technological change and innovation are influenced by the co-evolving and intersecting trajectories of: 1 the performance demanded by the market need (or problem) versus 2 the performance delivered by the technology (or solution) [43] .
The main observations of the theory are that the performance delivered trajectory of a technology is often steeper than the performance demanded trajectory of the market. Thus, a technology frequently has the fitness to satisfy future needs in addition to current needs. Also, the concept of sustaining technologies and disruptive technologies [42] is represented in terms of the impact on performance (Figure 10 ). Sustaining technologies improve the performance of established products according to the performance criteria that mainstream customers have historically valued. This process of retention often leads to architectural innovations that link or combine existing technologies. Disruptive technologies create new value propositions that establish new markets. Levinthal [44] compares the emergence of such technologies to the speciation process in biology. Source: adapted from Christensen [45] In summary, this theory is consistent with the notion that managers should view their organisations as complex adaptive systems consisting of temporary repositories of routines and capabilities. The distribution of these capabilities and routines is subject to the struggle for knowledge, technology, raw material and skills in the population. Thus, the dynamic of survival and competitiveness are determined by the relative connectivity of the different technology strategies and configurations in an industry. The different growth rates that exist in industries create the structural changes that define a fitness landscape.
Modularisation of Design -this area of technology management is concerned with understanding how technological designs create capabilities for the future and how they might influence competitiveness. For designers of sub-assembly based products this is an interconnectedness issue (K factor). If one component of a particular sub-assembly should change, then how will this affect the overall performance of the product? If a full understanding of the possible interactions exists, then the product is modularised. This allows designers to amend and develop product sub-assemblies quickly and with minimal cost. Today, the personal computer (PC) is an example of a modularised product. The components that make up a PC can be purchased and assembled with relative ease. Much of the hardware and software functionality is based on a 'plug and play' concept. The result is that companies such as Dell, Compaq and Time were able to enter and compete in the PC market, without acquiring capabilities in computer science or software engineering. These organisations exist, because they have the capability to competitively assemble and deliver PCs (a systems assembler). When there is low or even no modularisation of design for a product (e.g. military aircraft), an organisation competes on the basis of specialist and propriety knowledge, and integration expertise (a systems design and integration capability). Twenty years ago, PCs were designed and manufactured solely by organisations that were system designers and integrators. Hence, industries and products go through cycles of modularisation and demodularisation.
Conclusions
A systems approach to technology management provides frameworks, theories and a universal language to understand and manage the range of technological issues, relationships and values that are the basis of all business systems. A complex adaptive systems approach is evolutionary in nature, but acknowledges that variation can be both planned and unplanned, and that the processes of selection and retention are influenced by organisational routines and resources. The term adaptive, refers to one of the key differences between biological systems and organisational systems i.e. a decision-making capacity to consciously evolve in response to certain goals and objectives. This decisionmaking capacity resides in the four technology management tasks (classification, selection, adoption and exploitation) that drive the strategy configuration chain ( Figure  1 ) and technological fitness ( Figure 7 ). Organisations are complex adaptive systems that create (variation) and adopt (selection and retention) innovative technologies, which in turn drive evolutionary change. Fitness landscape theory and the NK model provide a method for visualising and communicating the adaptive and imitative reality of the strategy process that accompanies this evolution. Hence, the management of technology is a process of understanding the profile of the landscape and how the four management tasks coupled with the processes of variation, selection, retention and struggle shape the landscape.
An organisation occupies a certain position on the landscape, because it is fit and has evolved a combination of capabilities and routines that place it on the landscape. The competitiveness of its position is determined by the interconnectedness of its capabilities and the relative performance of its competitors. Identifying where an organisation should be on a landscape is a benchmarking and forecasting exercise that is realised via the process of planned variation. Yet, history and theories of technological change reveal that the variation process can often be unplanned and serendipitous.
